Investigation of the interaction modes between nonpolar organic pollutants with ionizable functional groups and natural organic matter via AuNP-based colorimetric assays † Hongyun Niu, a Saihua Wang, a Yixin Tan ab and Yaqi Cai* a For the first time, natural organic matter (NOM) modified AuNPs have been used as sensors to ''observe'' the specific interactions (such as hydrogen-bonds and halogen-bonds) between functional groups of organic compounds and NOM using colorimetric assays.
Nonpolar and moderately polar organic compounds with ionizable functional groups (such as hydroxyl-and amino-substituted aromatics) are usually environmentally significant. 1 Their binding on dissolved natural organic matter (NOM) directly influences their bioavailability, fate, and behavior in aquatic ecosystems.
2,3
It is necessary to investigate the affinity ability and binding mechanisms of these kinds of contaminants on NOM, which is usually carried out by measuring the partition coefficient (K DOC ) through adsorption isotherms of organic pollutants on humic substance. However, the adsorption isotherms are insufficient to estimate the interactions between NOM and the functional groups of nonpolar and moderately polar organic compounds. It is vital to introduce a new method to probe the interaction mechanisms between these chemicals and NOM. AuNP-based colorimetric assays are of particular interest because molecular events are easily transformed into color changes, which can be observed by the naked eye. The color change is highly sensitive to the size, shape, capping agents, and medium refractive index, as well as the aggregation state of AuNPs. Most assays designed for compounds rely on the binding of ligands modified on AuNPs with target analytes, which is defined as ''interparticle crosslinking aggregation ''. 4 In this study, for the first time, we have used NOM modified AuNPs as sensors to investigate the interactions between organic contaminants and NOM through a color change of AuNP suspension. According to the results of colorimetric assays, we then infer backward the interaction modes between NOM and organic targets. The high resolution O 1s XPS line of sensors shows that phenolic groups/ester, carboxylic groups, carbonyl groups are the main oxygen-containing species on the surface of sensors (Fig. S1F , ESI †). Due to the intra-and intermolecular H-bonding among these oxygen-containing groups in acidic solutions, the SRF-AuNPs show a slight aggregation at pH 3.5-5.5 (Fig. S1A , B and D, ESI †). In the presence of monovalent cations (Na + ) or at different temperatures, the dispersion of the sensors remains unchanged (Fig. S2A , ESI †). However, the addition of 50 and 100 mM of Ca 2+ leads to aggregation of sensors in the whole pH range because Ca 2+ can bind with the carboxylic or phenolic groups of NOM. In the UV-Vis spectra, the location of surface plasmon resonance (SPR) of sensor suspension at pH 5.5-9.5 shifts from 514 nm to 530-534 nm ( Fig. S2B -D, ESI †). Anyway, the as-prepared SRF-AuNP sensors are stable with and without Ca 2+ , and the color and location of SPR of sensor suspension do not change for several months. We measure the concentrations of residual NOM in a mixture using a fluorescence spectrophotometer according to the fluorescence intensity at Ex/Em = 340 nm/460 nm. As a result, about 5 mg L À1 of free NOM remain in AuNP colloid. The unbound NOM can enhance the solubility of hydrophobic chemicals and reduce the particle-particle interaction between AuNPs. 6 The SRF-AuNP sensors are used to investigate the interaction modes between NOM and several highly hydrophobic and moderately hydrophobic phenols, bisphenol A (BPA), tetrabromobisphenol A (TBBPA), pentabromophenol (PBP), pentachlorophenol (PCP), and tetrachlorobisphenol A (TCBPA). As a result, only TBBPA and PBP trigger the aggregation of SRF-AuNP sensors at pH r 5.5, a notable color change and red-shift of SPR peaks in UV-Vis spectra of sensor suspension are seen in Fig. S3 and S4 (ESI †). At pH 7.5-9.5, the two targets do not cause aggregation of sensors. The SRF-AuNP sensors show no response to the chlorinated phenols and BPA across the pH range.
The influence of coexisting cations (Na + and Ca
2+
) on the interactions between targets and NOM can be explored using the NOM-AuNP sensors as well. The presence of 0.2, 1.0 and 10 mM of Na + does not affect the response of sensors to these compounds ( Fig. S5-S7 , ESI †). The addition of Ca 2+ cations (5, 10, 50 and 100 mM) has no influence on the response of PCP and TCBPA to SRF-AuNP sensors at pH 3.5-9.5. A slight aggregation of sensors in the presence of BPA is observed at pH 4 5.5 as the concentration of Ca 2+ increases to 100 mM.
When the concentration of Ca 2+ reaches 50 mM, aggregation of SRF-AuNP sensors caused by PBP and TBBPA is promoted especially at pH 7.5-9.5 ( Fig. 2 and Fig S8, ESI †) . The color of the sensor solutions changes from rose to pink, red or blue (Fig. 2) . A heavy aggregation of sensors can be seen in the TEM image after reaction with PBP in Ca 2+ solution at pH 7.5
( Fig. 1B) . This result suggests that the influence of Ca 2+ on the sorption of BPA and two brominated phenols to NOM can be detected obviously even when the concentration of Ca 2+ is as low as 50 mM or 100 mM. We detect the solution pH values of the sensor suspension after the sorption of these targets. The fluctuation of pH is negligible in all cases, indicating that the aggregation of sensors triggered by BPA, PBP and TBBPA is not related to the change of solution pH. Previous studies suggest that the affinity of BPA and halogenated phenols to NOM proceed via van der Waals interactions, p-p stacking interactions or hydrophobic interactions.
2,3 For the AuNP based colorimetric assay, the sensors can be linked together by these nonspecific interactions among the sorbed targets or between sorbed targets and ligands on AuNP surface. 7 In the current study, the surface of SRF-AuNP sensors are highly negative (z-potentials of sensor suspensions range from À17.5 to À62.2 mV at pH 1.6-11, Fig. S9 , ESI †). The repulsive interactions between the negatively charged oxygen-containing groups of NOM will prevent the aggregation of sensors in water if the affinity of targets can not decrease the density of the negative charges of SRF-AuNPs.
On the other hand, the behavior of SRF-AuNP sensors in acid and Ca 2+ solution indicates that the interactions with functional groups of NOM can trigger the aggregation of sensors. Therefore, we deduce that sensor aggregation is caused by specific interactions between the target and the oxygen-containing groups of NOM. The molecular structures of SRF and targets are listed in Fig. 3 . The lack of response of sensors to PCP and TCBPA suggests the absence of specific interactions with NOM. To verify the interaction mechanisms between the selected targets with NOM, SRF-AuNPs before and after interaction with these targets are analyzed using XPS. In the O 1s XPS peaks of sensors with the sorbed phenols, the intensities of C-OH species increase and the sorbed H 2 O decrease obviously, suggesting the strong sorption of these hydrophobic targets to SRF-AuNP sensors (Fig. 4A, O Fig. 4A and B) , indicating that the oxidation state of these species is unchanged during sorption, that is, neither the phenolic groups nor the Cl atoms in their molecules bind with the polar moieties of NOM. The aggregation of SRF-AuNP sensors in acid solution caused by PBP and TBBPA implies the possible specific interactions between the brominated phenols and NOM. With the increase of solution pH, more O-containing groups of NOM deprotonate, increasing the negative charges of NOM. The phenolic groups of PBP (pK a = 4.4) and TBBPA (pK a1 = 7.5, pK a2 = 8.5) begin to deprotonate at pH 4 4.4 and 7.5, respectively. Thereby, the sensors show no response to the two targets at pH Z 7.5 due to the strengthened electrostatic repulsion between anionic brominated phenols and NOM. Ca 2+ cations can chelate negatively charged carboxylic and phenolic groups of NOM, and the value of z-potentials of sensors at pH 6.5-11 increases clearly in 100 mM of Ca 2+ (Fig. S9, ESI †) . The reduced repulsive interactions between the negatively charged targets and sensors facilitate the sorption of targets on the surface of sensors in neutral and alkaline solutions. Therefore, the response of the sensors to PBP and TBBPA is regained at pH 7.5-9.5. The formation of hydrogen bonds (H-bonds) between these brominated phenols and NOM can be ruled out, because the H-bonds are absent between the corresponding chlorinated phenols and SRF. In the O 1s core-level lines of sensors sorbed with PBP and TBBPA, the binding energies (BEs) of the CQO and OQC-O species show a clear upshift, while the Br-C bonds in the Br 3d signal shift to lower BEs (Fig. 4A and C) . These results imply that the Br atoms in brominated phenols might bind the polar moieties of NOM, and the former and latter serve as Lewis acid and Lewis base, respectively. We deduce that halogen bonding (XB), a non-covalent interaction, occurs between the Br atoms and carbonyl and carboxylic groups of NOM by forming C-BrÁ Á ÁOQC bonds, the existence of which has been reported by Auffinger and De Moliner in protein and nucleic acid structures.
12 Since most XB is unstable in water, this reaction may only occur between sorbed NOM on solids (such as soil and minerals) and brominated phenols. The halogen bonds of charged systems are stronger than those of neutral ones; 13 therefore, aggregation of SRF-AuNP sensors caused by the two targets is still significant at pH 7.5-9.5. To further confirm the specific interactions between brominated phenols and NOM, we detect the response of SRF-AuNP sensors to monobromophenol (4-BP), dibromophenol (DBP), and tribromophenol (TBP). In 0.1 mM of Ca 2+ solution, the three phenols cannot trigger the aggregation of sensors at pH 3.5 (Fig. 5A) . The aggregation of sensors caused by TBP, DBP and 4-BP begins at pH 5.5, 7.5 and 9.5, respectively ( Fig. 5B-D) . This result shows that the response of SRF-AuNP sensors to brominated phenols is related to the number of substituted Br atoms in molecules. Fig. 5 also proves that the formation of XB between brominated phenols and NOM is more favorable at higher solution pH.
In an acid solution, the absence of response of sensors to BPA implies that BPA affinity towards NOM takes place via nonspecific interactions. In neutral and weakly alkaline solutions, the slight aggregation of SRF-AuNP sensors caused by BPA (pK a = 9.6-10. Suwannee River humic acid (SRH), Pahokee peat humic acid (PPH), Pahokee peat fulvic acid (PPF), and Leonardite humic acid (LH) are also used to modify AuNPs to study the interactions between different kinds of NOM and targets. PPF-AuNP sensors colloids exhibit a red-shift in the presence of BPA, PBP, and TBBPA and no change in PCP and TCBPA. The SRH-AuNP, PPH-AuNP and LH-AuNP sensors respond only to PBP and TBBPA, but the degree of shift of SPR peaks of the three kinds of sensors is less than those of fulvic acid coated sensors (Fig. S11 and S12, ESI †) . The lower sensitivity of the humic acid modified AuNP sensors to their interactions with targets is possibly due to the high aromaticity which provides more nonspecific interactions than specific interactions to targets.
To investigate the sensitivity of the colorimetric assay to the interactions of these targets with NOM, the concentration of targets change in 0.1-100 mM. The results show that BPA, TBBPA and PBP respond sensitively to SRF-AuNP sensors, and color changes of the sensor suspension can be observed at BPA, PBP, and TBBPA concentrations as low as 1.0, 1.0 and 0.5 mM, respectively ( Fig. S13 and S14, ESI †). The sensors show no response to PCP and TCBPA as their concentrations range in 0.1-100 mM.
In summary, we have established a new method to study the possible interaction modes between organic pollutants and NOM using colorimetric assays based on NOM modified AuNPs. The interactions between NOM and targets can be ''observed'' sensitively according to the color change of AuNP colloids. Through the colorimetric assays, the effect of solution pH, coexisting cations, molecular structure of targets, and NOM aromaticity to organic pollutant affinity to NOM is detected sensitively. For the first time, we find the possibility of the existence of halogen bonds between NOM and brominated phenols. Overall, the colorimetric assays based on AuNP sensors may be a potential alternative to monitor interactions, especially the specific interactions (including H-bonds, halogen-bonds, cation binding) between targets and ligand on the AuNP surface.
